Lysosomes are the main catabolic organelles of a cell and play a pivotal role in a plethora of cellular processes, including responses to nutrient availability and composition, stress resistance, programmed cell death, plasma membrane repair, development, and cell differentiation. In line with this pleiotropic importance for cellular and organismal life and death, lysosomal dysfunction is associated with many age-related pathologies like Parkinson's and Alzheimer's disease, as well as with a decline in lifespan. Conversely, targeting lysosomal functional capacity is emerging as a means to promote longevity. Here, we analyze the current knowledge on the prominent influence of lysosomes on aging-related processes, such as their executory and regulatory roles during general and selective macroautophagy, or their storage capacity for amino acids and ions. In addition, we review and discuss the roles of lysosomes as active players in the mechanisms underlying known lifespan-extending interventions like, for example, spermidine or rapamycin administration. In conclusion, this review aims at critically examining the nature and pliability of the different layers, in which lysosomes are involved as a control hub for aging and longevity.
Introduction
Lysosomes are found in all animal cell types (except erythrocytes) and represent the cell's main catabolic organelles. The variety of substrates degraded in the lysosomes is wide, ranging from intracellular macromolecules and organelles to surface receptors and pathogens, among others. To exert their catabolic function, lysosomes contain an extensive set of hydrolases, including proteases, nucleases, lipases, sulfatases or phosphatases, whose pH optima are usually low (pH 4.5-5). Accordingly, their degradative capacity depends on a highly acidic milieu, which is maintained via the activity of a proton-pumping V-type ATPase that pumps protons from the cytoplasm into the lysosomal lumen. However, lysosomes are not mere sites for disposal and processing of cellular waste but also act as pivotal regulators of cell homeostasis at different levels. For instance, they are involved in the regulation of cellular responses to nutrient availability and composition, stress resistance, programmed cell death, plasma membrane repair, development, and cell differentiation, among many others (Braun et al., 2015a,b; Boya, 2012; Settembre et al., 2013b) . Thus, lysosomes play a determining role in processes that control cellular and organismal life and death.
Concurring with this pleiotropic importance, lysosomal dysfunction is associated to a plethora of disorders. Among them are those collectively known as lysosomal storage diseases (LSDs), which involve approximately 50 individual rare pathologies, whose combined incidence, however, is estimated to be about 1:5000 live births (Fuller et al., 2006; Platt et al., 2012) . LSDs are characterized by an anomalous accumulation of undigested intra-lysosomal material and each disease is caused by a specific monogenic deficiency, respectively. Mutations most commonly affect acidic hydrolases, but can also be found in non-enzymatic lysosomal proteins (soluble and membrane-bound) and non-lysosomal factors regulating lysosomal function. LSDs typically manifest in neurodegeneration during infancy/childhood and in some milder variants during adulthood (Nixon et al., 2008; Wraith, 2002) . Accordingly, though tissue degeneration occurs in different organs (Beltroy et al., 2005) , LSD progression most markedly triggers neuronal loss in patients and mouse models (Sleat et al., 2004; Tessitore et al., 2004; Walkley and Suzuki, 2004) . In fact, the nervous system seems to be particularly susceptible to defects in lysosomal function (Hara et al., 2006; Komatsu et al., 2006) . In addition to LSDs, age-related neurodegenerative disorders like Alzheimer's or Parkinson's disease are connected to impaired lysosomal activity through different but interweaved mechanisms that seem to include lysosomal enzyme malfunction, reduced intraluminal acidification or disrupted calcium regulation (Büttner et al., 2013; Jiang and Mizushima, 2014; McBrayer and Nixon, 2013; Menezes et al., 2015; Wolfe et al., 2013) . For instance, mutations in glucocerebrosidase (GBA), a lysosomal glucosylceramidase, are associated to an increase in the risk for Parkinson's Disease (Westbroek et al., 2011) . Reduced GBA activity has thereby been linked to increased levels of alpha-synuclein, a small protein, whose abnormal accumulation as aggregates is characteristic of synucleopathies like Parkinson's Disease (Westbroek et al., 2011) . Notably, lysosomal defects disturb the balance between damaged proteins and their proteolytic clearance, ultimately resulting in the accumulation of highly cross-linked aggregates. Accumulation of aggregates in postmitotic cells appears to be particularly dramatic, since the material cannot be diluted via cell division. Many resulting aggregates of oxidized proteins may further react with cellular components like lipids and metals in different compositions, forming a fluorescent material termed lipofuscin (Jung et al., 2007) . The exact cellular effects of lipofuscin are largely hypothetical and still under discussion, but may e.g. involve the production of oxidants, possibly via iron-mediated catalysis of free radicals (Höhn et al., 2010) , or the inhibition of the proteasome (Höhn et al., 2011) .
Of note, all the mentioned diseases exhibit a decline in healthspan and/or lifespan. Indeed, the aging process itself may be fueled by a decrease in lysosomal function. This may occur at several molecular levels, according to the multiple functions of the lysosomes and their broad intracellular impact. For instance, lysosomal degradation is tightly connected to the process of autophagy, the intracellular self-digestion machinery that orchestrates the elimination of unwanted or damaged material (e.g. macromolecules, organelles) that accumulates during aging (Klionsky, 2007; Madeo et al., 2015; Nakamura et al., 1997; Pierce et al., 2007; Sampaio-Marques et al., 2014) . Thereby, lysosomes are not only the terminal degradation compartments, but are also connected to the autophagic process at the signaling level. For example, they represent a molecular hub controlling the activity of the mammalian target of rapamycin complex 1 (mTORC1) kinase complex, a negative master regulator of autophagy. Also, they are linked to the transcription factor EB (TFEB), which regulates both lysosomal biogenesis and autophagy activation (Settembre et al., 2013b) . Besides their central implication in autophagy, lysosomes seem to crucially contribute to lifespan control via a diverse array of other signals as shown in different model organisms. For instance, deployment of active lipid molecules from the lysosomes to the nucleus results in altered gene expression that modulates lifespan in worms (Folick et al., 2015) . Another aging-relevant signal might be the intralysosomal pH (Hughes and Gottschling, 2012) , which impacts the degradative and storage functions of the lysosome in yeast. In fact, stored amino acids and metals like iron and calcium can significantly influence aging at several levels (Hughes and Gottschling, 2012; Klang et al., 2014; Kurz et al., 2007; Medina et al., 2015; Smaili et al., 2013) . In this review, we will analyze the current evidence for these and other lysosome-lifespan connections and discuss the participation and pliability of lysosomal function in the frame of known anti-aging interventions (Fig. 1 ).
Lysosomes and the regulation of autophagy during aging
An organism's survival depends on its ability to maintain a balance between the production of new and the degradation of old and potentially harmful proteins and cellular structures. This balance is strongly dictated by the catabolic capacity of a cell, which is mainly executed via two distinct processes. On the one hand, the ubiquitin/proteasomal degradation pathway, which functions at the cytosolic level, primarily targets cytosolic proteins, ER proteins following their retrograde transport to the cytosol, and ubiquitinated mitochondrial proteins exposed on the outer membrane of mitochondria (Finley, 2009; Glickman and Ciechanover, 2002; Walter and Ron, 2011) . On the other hand, the autophagic machinery degrades a wide array of cytosolic substrates, ranging from single proteins to whole organelles that are delivered to the lysosome for hydrolytic dismantling. Both degradation pathways have been associated to aging control (Carrard et al., 2002; Chondrogianni and Gonos, 2005; Cuervo and Dice, 2000; Kurz et al., 2008; Löw, 2011; Terman et al., 2010) . Interestingly, they also seem to interact with each other (Ciechanover, 2005; Korolchuk et al., 2010) , even though the regulatory extent of this crosstalk in the frame of lifespan control needs further investigation.
Lysosomal execution during autophagy
Autophagy can mainly be divided into three subroutines: chaperone-mediated autophagy (CMA), microautophagy and macroautophagy (Singh and Cuervo, 2011) . While all of them directly depend on functional lysosomes, the underlying mechanisms are distinct. During CMA, the cytosolic heat shock cognate 70 (hsc70) chaperone and its co-chaperones recognize the consensus motif (KFERQ) in target cytosolic proteins and are transported to the lysosomal membrane. There, lysosome-associated protein type 2A (LAMP-2A) is recognized by this substrate chaperone complex, allowing the target protein to unfold and cross the lysosomal membrane. CMA is thus characterized by selective protein targeting and direct substrate translocation to the lysosomes, which establishes a singular role of this process in diverse pathophysiological conditions, including aging (Cuervo, 2011; Dice, 2007 ; Martinez-Lopez Fig. 1 . Aging-relevant interactions of the lysosome with other cellular organelles. Interaction of the lysosome with the general and selective (macro) autophagic machinery as well as the lysosomal-nuclear and lysosomal-mitochondrial axis are depicted. Some regulatory interactions of the lysosome with aging-relevant master regulators such as TORC1 and TFEB have feedback-loops that modulate lysosomal morphology and biogenesis. In addition, the lysosome may interact with the extracellular room and/or processes. Molecules are encircled. Longevity-mediating processes are depicted with green arrows whereas negative effects are depicted with red arrows. aa: amino acids; OEA: oleoylethanolamide. et al., 2015) (see also this issue). Instead, microautophagy involves the direct invagination of cytosolic material (íin bulkí or selectively chosen by chaperones) at the lysosomal membrane (Li et al., 2012) . Further studies will be needed to examine how microautophagy relates to aging (Martinez-Lopez et al., 2015; Sahu et al., 2011) . Finally, during macroautophagy, the cellular target material is first engulfed in double-membrane-vesicles (autophagosomes) that are transported to the lysosome. There, the autophagosomal outer membrane fuses with the lysosome, and the resulting singlemembrane vesicle containing the engulfed material is degraded in the lumen (Xie and Klionsky, 2007) . Thereby, this machinery can either act as a selective or as a bulk degradation process.
The macroautophagic machinery is highly conserved from the unicellular yeast Saccharomyces cerevisiae, over the nematode Caenorhabditis elegans and the fruitfly Drosophila melanogaster, up to mammals (Ohsumi, 2014) . Of importance, rapidly accumulating evidence is revealing macroautophagy (hereafter referred to as autophagy) as a pivotal process in universal lifespan control (De Cabo et al., 2014; Eskelinen and Saftig, 2009; Madeo et al., 2015; Martinez-Lopez et al., 2015; Rajawat et al., 2009; Schroeder et al., 2014; Puleston and Simon, 2015) . In fact, during aging, autophagic rates decline in most organisms examined . Conversely, genetic and pharmacological interventions that stimulate autophagy do promote longevity (De Cabo et al., 2014; Madeo et al., 2015 Madeo et al., , 2010 .
Thereby, aging seems to be controlled at regulatory loci along all three different steps of the autophagic process: regulation/initiation, phagophore formation, and cargo loading/degradation . Reduced levels or knockdowns in several of the so-called ATG genes, which comprise the core machinery of this multistep autophagic process (Xie and Klionsky, 2007) , severely reduce lifespan, or accelerate aging-related pathologies. For example, the two main initiation complexes of autophagy are the ULK1 (also called Unc51 or ATG1) complex and the Beclin-1 (also known as ATG6) complex. ULK1 loss of function mutation in C. elegans as well as reduced expression in D.
melanogaster results in decreased lifespan (Simonsen et al., 2008; Tóth et al., 2008) . Similarly, Beclin-1 loss of function mutants in C. elegans as well as conditional mice models selectively deleted therein show decreased lifespan and early onset of aging and ageassociated pathologies such as cancer (Liang et al., 1999; Tóth et al., 2008) . Mice studies on conditional tissue-specific mutants in ATG7 and ATG5, both of which are involved in the second step of autophagy (phagophore assembly), revealed acceleration of ageassociated phenomena (Hara et al., 2006; Komatsu et al., 2005) . These included lysosomes filled with age-related pigment lipofuscin (Rajawat et al., 2009; Stroikin et al., 2004) , accumulation of lipid droplets and defective mitochondria (Kim et al., 2007; Singh et al., 2009) , increased protein oxidation and neurodegeneration (Komatsu et al., 2006; Nezis and Stenmark, 2012) .
The third step of the autophagic process is intimately related with lysosomal function. It can be divided into three sub-stages: (i) Cargo recognition and loading, (ii) delivery to and fusion with the lysosome, and (iii) lysosomal degradation. A deficiency in these stages is characterized by increased autophagosome formation without increased autophagic flux (Füllgrabe et al., 2013 ) and tends to be severe and can contribute to neurodegenerative disorders like Huntington's and Parkinson's disease (Geisler et al., 2010; Martinez-Vicente et al., 2010) . For instance, mutations in p62, which serves as a crucial adaptor involved in cargo recognition, are associated to multiple pathologies, including Pagetís disease of the bone or amyotrophic lateral sclerosis (Martinez-Vicente et al., 2010; Rea et al., 2014) . Interestingly, p62 is also subject to phosphorylation events that regulate the antioxidant response pathway Keap1-Nrf2 (Ichimura et al., 2013) . It is thus conceivable that the phosphorylation status of p62 might influence autophagy, as well, but this possibility remains to be explored (Martinez-Lopez et al., 2015) .
Lysosomal regulation during autophagy
The effectiveness and general functionality of autophagy directly depends on the capacity of the lysosome to degrade the delivered cargo. Thus, lysosomal function determines the autophagic process as an executory player. However, it is becoming clear that lysosomes also control autophagy at the regulatory level. For instance, the mTORC1 kinase complex, a master regulator of cell and organism growth (Laplante and Sabatini, 2012) , has a pivotal role in autophagy control. Upon nutrient availability, mTORC1 inhibits autophagosome biogenesis by directly phosphorylating and thus suppressing the activity of the initiator kinase complex ULK1-ATG13-FIP200 (Ganley et al., 2009; Hara et al., 2008) . Accordingly, the starvation-or drug-induced inhibition of mTORC1 promotes autophagy and longevity (De Cabo et al., 2014) . Interestingly, mTORC1 exerts its activity on the lysosomal surface (Sancak et al., 2010) . Perhaps even more intriguingly, the docking of mTORC1 on its surface seems to be directly controlled by the lysosome itself, more precisely by the level of amino acids present in the lysosomal lumen. In other words: only upon accumulation of amino acids in the lysosomal lumen can mTORC1 dock to the lysosomal surface and become activated (Zoncu et al., 2011) . The lysosome further interacts with mTORC1 via a membrane-located, ATP-sensitive Na+ channel (lysoNaATP). This channel is directly involved in nutrient sensing, since release of mTORC1 from the lysosome upon starvation, induces its constitutive activation to regulate amino acid homeostasis and pH stability in response to ATP levels (Cang et al., 2013) . In fact, lysosomal pH control determines lifespan (Hughes and Gottschling, 2012; Ruckenstuhl et al., 2014a) . In yeast, for instance, methionine restriction positively influences the pH of vacuoles (yeast lysosomes) and extends lifespan in dependence of functional autophagy (Ruckenstuhl et al., 2014a,b) . Intriguingly, a major activator of autophagy, the transcription factor TFEB (Lapierre et al., 2013) , is also partly located on the lysosomal surface, when it is inactive (phosphorylated and non-nuclear). There, it interacts -among others -with mTORC1 (Settembre et al., 2012) . In fact, mTORC1 is one of different kinases that has been shown to inhibit nuclear translocation of TFEB (Martina et al., 2012; Peña-Llopis et al., 2011) . In addition, it is worth noting that TFEB underlies an autoregulatory feedback mechanism: it binds to its own promoter and can thus induce its own expression under nutrient-poor conditions (Settembre et al., 2013a) .
This intimate connection between autophagy-regulating factors like mTORC1 or TFEB and the lysosome is further evinced by the fact that these same factors vice versa also regulate lysosomal function. For instance, the formation of nascent lysosomes from autolysosomal membranes (the so-called autophagic lysosomal reformation) requires the reactivation of mTORC1 upon prolonged starvation (Yu et al., 2010) . TFEB is also involved in lysosomal biogenesis as well as in the expression of lysosomal genes and the control of lysosome numbers within the cell (Sardiello et al., 2009; Settembre et al., 2011) . Altogether, the important signaling role of lysosomes in the frame of autophagy regulation is becoming increasingly clear and we expect that further layers of regulation will emerge in upcoming years. Recently, for example, it has been shown that lysosomal lipid composition influences vesicle fusion capacity. In a rodent high-fat-diet model, autophagy was partly inhibited by changes in the lipid composition of autophagosome and lysosomal membranes that interfered with efficient membrane fusion (Koga et al., 2010a,b) .
Different autophagic routes and aging control
The combination of major executors and crucial regulators of autophagy positions lysosomes as a central cellular hub for aging control. This involves a whole range of specific autophagy types that are intimately connected to longevity. Mitophagy, which refers to autophagy-dependent lysosomal degradation of damaged mitochondria, is probably one of the best described and most critical autophagy-variants during aging (Green et al., 2011; Terman et al., 2010; Weber and Reichert, 2010) . It confers cytoprotection during senescense by inhibiting the cellular accumulation of deteriorated mitochondria that are prone to release pro-apoptotic factors and detrimental reactive oxygen species (Green et al., 2011) . Also the regulated turnover of lipid droplets, lipid storage organelles, is at least partly regulated by a selective type of autophagy, lipophagy (Singh et al., 2009) . Lipophagy modulates the energetic status of the cell and its dysfunction is consequently linked to metabolic disorders that may reflect processes of the metabolic syndrome upon aging Cuervo, 2012, 2011) . Besides selective autophagy pathways, also the autophagic activity in specific cells does impact aging. This is exemplified by liver cells or neuronal cells, where autophagy regulation is of great importance for the progress of aging and thus for longevity control (Carmona-Gutierrez et al., 2015; Schroeder et al., 2015; Singh et al., 2009) . Other examples are cells involved in the innate immune response. Here, autophagy impacts aging at several levels, including the modulation of inflammasome activity, cytokine secretion, antigen presentation and lymphocyte function (Cuervo and Macian, 2014; Dengjel et al., 2005; Henault et al., 2012; Ireland and Unanue, 2011; Shi et al., 2012) .
The diversity in autophagic routes, including non-canonical types of autophagy, and autophagic specificities in single cell types are beginning to be deciphered and will need to be incorporated into the known network to understand the intricate connection between autophagy, lysosomal function and lifespan.
Lysosomes, nutrient storage and lifespan control
In addition to the lysosome's function in cellular degradation pathways, it has become clear in recent years that this organelle also plays a central role in cellular nutrient homeostasis. As discussed above, the lysosome acts as sorting and recycling depot for nutrients such as amino acids during the process of autophagy. In addition to this function, the lysosome also acts as a storage organelle for many different metabolites, most prominently amino acids and ions (Li and Kane, 2009 ). Storage of nutrients occurs through the action of specific metabolite transporters and pumps localized to the lysosome membrane. Consistent with a prominent role in nutrient storage, the lysosome has recently emerged as a central regulator of nutrient sensing and signaling pathways (Efeyan et al., 2012) .
Lysosomal nutrient storage
The storage function of the lysosome is best characterized in yeast, where it is well known that this organelle (in yeast typically called vacuole) stores amino acids and ions at very high levels (Li and Kane, 2009 ). Storage of nutrients occurs through the action of specific metabolite transporters and pumps localized to the lysosome membrane. These transporters, which have been extensively reviewed elsewhere, exhibit specificity for various ions and amino acids, and predominantly promote uptake of nutrients into the lysosome in a proton-dependent manner (Miseta et al., 1999; Russnak et al., 2001; Sekito et al., 2008; Shimazu et al., 2005) . The proton gradient for these transporters is set up by the evolutionarily conserved vacuolar H + -ATPase (V-ATPase), which utilizes ATP to drive protons into the lumen of the lysosome (Forgac, 2007) . The nutrient carrier proteome of the yeast vacuole is almost completely catalogued (Blaby-Haas and Merchant, 2014; Miseta et al., 1999; Nass et al., 1997; Russnak et al., 2001; Shimazu et al., 2005) , and we have an extensive view of the metabolites stored within the vacuole lumen through metabolite profiling studies (Kitamoto et al., 1988; Wiemken and Durr, 1974) . These metabolites include ions and metals such as calcium, sodium, zinc, copper, iron, and manganese; as well as basic and neutral amino acids (Klionsky et al., 1990) . Interestingly, acidic amino acids glutamate and aspartate are largely excluded from the lysosomal lumen in yeast. It is not entirely clear why amino acids are so distinctly compartmentalized, but the most likely explanation is that sequestration of certain types of amino acids in lysosomes may protect cells from toxicity (Braun et al., 2015a,b; Klionsky et al., 1990) .
Unlike the well-characterized yeast vacuole, our appreciation and understanding of the role of the lysosome in nutrient storage in mammals is only beginning to take shape. The mammalian lysosome also plays critical roles in regulation of metabolites such as calcium, iron, and amino acids (Harms et al., 1981; Kurz et al., 2011; Lloyd-Evans and Platt, 2011) . However, the transporters that regulate influx and efflux of these metabolites are not wellcharacterized (Sagne and Gasnier, 2008) . A recent proteome study of the lysosomal membrane identified many putative uncharacterized transporters (Chapel et al., 2013) . The vast number of these proteins strongly implies that the storage function of this organelle may be as robust as its yeast counterpart. Because of the lysosome's role in relaying nutrient signals to the mTOR pathway, the identification and characterization of orphaned lysosomal amino acid transporters is a very active area of research. Along these lines, three exciting studies recently identified an arginine transporter, SLC38A9, on the lysosome surface, and demonstrated a crucial role of this transporter in relaying amino acid status to the mTOR signaling machinery (Jung et al., 2015; Rebsamen et al., 2015; Wang et al., 2015 ). An exciting era of lysosome biology is upon us, and our understanding of the role of this organelle in cellular metabolism will no doubt significantly change over the next decade.
Physical and functional mitochondrial-lysosomal connection in lifespan regulation
As our knowledge on the role of the lysosome in cellular metabolism and nutrient storage continues to grow, so does our understanding of how alterations in the function of this organelle may impact cellular lifespan. In fact, lysosomal nutrient storage seems to be a critical regulator of cellular lifespan (Hughes and Gottschling, 2012) . Aging yeast cells lose lysosomal acidity, and the resulting limited lifespan is mediated by inhibition of mitochondrial function. Loss of mitochondrial function in this context was attributed to an alteration in the storage of lysosome metabolites, which impair mitochondrial function through an unknown mechanism. The functional connection between lysosomes and mitochondrial was first recognized about 25 years ago (Ohya et al., 1991) , and appears to be conserved in mammals as well . Consistent with this initial observation, it has now been shown that cells lacking subunits of the V-ATPase, or treated with inhibitors of this protein complex have a very short lifespan and exhibit a range of mitochondrial impairments, including alterations in mitochondrial structure, loss of the mitochondrial inner membrane potential, and a failure to import mitochondrial proteins (Dimmer et al., 2002; Hughes and Gottschling, 2012; Merz and Westermann, 2009; Schleit et al., 2013) . Moreover, two recent studies identified a physical connection between lysosomes and mitochondria, mediated by a protein-tethering complex called vCLAMP (Elbaz-Alon et al., 2014; Honscher et al., 2014) . This complex plays a role in lipid transport between these organelles, and may regulate the exchange of other nutrients as well. These studies highlight the importance of the mitochondria-lysosome connection, which has also been shown to play an important role in many age-related disorders, including neurodegenerative diseases and lysosomal-storage disorders (Nixon et al., 2008) .
In the majority of studies examining the crosstalk of these organelles, mitochondrial dysfunction arising from lysosome impairment has been attributed to changes in degradation pathways such as autophagy (Terman et al., 2010) . However, the emerging role of the lysosome in nutrient storage and metabolic regulation demands that future studies dissect the relationship between these organelles, and test whether changes in nutrient storage or signaling by lysosomes play a large role in regulating mitochondrial function and lifespan. A significant challenge in these studies is being able to separate distinct lysosome functions such as autophagy and metabolite storage from one another, in order to evaluate the contribution of each of these to lifespan control. Doing this will first require extensive knowledge of the metabolite transporter proteome, so that individual nutrient transporters can be modulated separately from one another. Given the complexity of metabolites stored within this organelle, many nutrients may ultimately contribute to mitochondrial deficits and lifespan regulation upon lysosomal impairment.
A few mechanisms by which impairment of lysosomal nutrient storage may alter mitochondrial function and lifespan are under discussion. The first possibility involves alterations in cytoplasmic amino acid pools. As mentioned above, basic and neutral amino acids are preferentially stored in the lysosome in yeast, likely to prevent toxicity that results from high cytoplasmic levels of these metabolites (Klionsky et al., 1990) . Thus, impairment of lysosome function is expected to cause an elevation in cytoplasmic amino acid pools. It was previously shown that high levels of basic amino acids are toxic for cells, and cause generation of ROS as well as impairment of mitochondrial function (Braun et al., 2015a,b; Vitiello et al., 2007) . In addition, high levels of branched-chain amino acids lead to mitochondrial overload, potentially by import of these metabolites into the mitochondria at high rates, overwhelming mitochondrial catabolic pathways (Newgard et al., 2009; Wellen and Thompson, 2010) . Thus, an elevation of cytoplasmic amino acid pools upon lysosome impairment may negatively impact mitochondrial function and lifespan through increased catabolism or production of toxic products by these amino acids. Consistent with this idea, the lysosomal neutral amino acid importer Avt1 was found to regulate mitochondrial function and lifespan in response to changes in lysosome function (Hughes and Gottschling, 2012) . This suggests that neutral amino acids may be particularly important in lysosomal control of mitochondrial function, but the underlying mechanism of this connection is currently unclear.
In addition to impacting mitochondrial function through catabolism or toxicity, amino acid changes arising from lysosomal dysfunction may regulate mitochondria function and impact lifespan by affecting nutrient-sensing pathways with known connections to lifespan regulation such as mTORC1 or the Protein Kinase A (PKA) pathway (Hlavatá et al., 2008; Kaeberlein et al., 2005; Kapahi et al., 2010) . As described earlier, mTORC1 is localized to the lysosome surface, and senses amino acids through several different mechanisms, some of which involve inside-out signaling through the V-ATPase (Zoncu et al., 2011) as well as the lysosomal arginine transporter SLC38A9 (Jung et al., 2015; Rebsamen et al., 2015; Wang et al., 2015) . Inhibition of mTORC1 activity is well known to increase lifespan across a range of organisms, and changes in lysosomal function are known to impact mTORC1 regulation. Current data from mammalian systems suggests that inhibition of V-ATPase prevents activation of mTORC1 by amino acids (Zoncu et al., 2011) . Based on this observation alone, one would predict that loss of V-ATPase function might be beneficial for lifespan because it causes mTOR inhibition. However, impairment of V-ATPase negatively impacts lifespan (Hughes and Gottschling, 2012; Schleit et al., 2013) , suggesting that loss of V-ATPase activity with age impacts lifespan through mTORC1-independent mechanisms or that the relationship between these systems is more complex in the context of aging. In addition to the TOR pathway, lysosomal function is intricately connected to regulation of the PKA pathway (Bond and Forgac, 2008; Dechant et al., 2010; Hlavatá et al., 2008) , which is also important for lifespan regulation. The crosstalk between VATPase function and PKA is complex, but is another great candidate for lifespan regulation through changes in lysosomal metabolites.
The impact of lysosomal ion storage on aging control
In addition to amino acids, two other prominent cellular metabolites widely connected to the lysosome are calcium and iron. It is likely that alteration in the homeostasis of these nutrients impacts lifespan and mitochondrial function upon lysosome impairment in aging organisms. Iron is stored in the lysosome at high levels in yeast, and lysosomal dysfunction leads to cellular iron deficits in both yeast and mammals (Diab and Kane, 2013; Kurz et al., 2011) . Changes in cellular iron levels would have a significant impact on mitochondrial function, given the large number of iron requiring enzymes in the mitochondrial respiratory chain (Stehling and Lill, 2013) . Furthermore, iron and other metals have been found to accumulate with age in C. elegans, and contribute to lifespan shortening through enhancement of aggregation of many proteins, several of which are mitochondrial proteins (Klang et al., 2014) . In this model, addition of a metal chelator was sufficient to extend lifespan, suggesting that metal overload may be a significant regulator of lifespan in normal aging contexts. Like iron, calcium is also critically important for mitochondrial function (Finkel et al., 2015) . Loss of lysosome function leads to rapid elevation in cytoplasmic calcium levels in yeast (Ohya et al., 1991) , and may impact ER-localized calcium pools in mammals (Penny et al., 2015) . Furthermore, elevated intracellular or extracellular levels of calcium shorten lifespan in yeast (Tsubakiyama et al., 2011) . Thus, calcium and iron, as well as other ions and metals stored in the lysosome, are strong candidates to influence mitochondrial function and lifespan upon lysosome impairment in aged organisms. While we have focused here largely on the role of these metabolites in the mitochondria-lysosome relationship, it is also likely that they may impact lifespan through non-mitochondrial based pathways as well.
Lysosomes and anti-aging interventions
The idea that aging may be coupled to a progressive dysfunction of lysosomes raises the reciprocal question: is it possible to improve healthspan/lifespan by promoting lysosomal function? In fact, genetic overexpression data in diverse model organisms suggests that this is the case. In S. cerevisiae, for instance, overexpression of Pep4, the homolog of lysosomal cathepsin D, extends lifespan during chronological aging. This function is independent of its proteolytic activity and resides in the propeptide of the protein, which exerts anti-necrotic properties (Carmona-Gutiérrez et al., 2011) . In C. elegans, the lysosomal acid lipase A LIPL-4 is highly expressed under conditions associated to extended lifespan (Lapierre et al., 2011) . In line, overexpression of LIPL-4 promotes longevity in worms via the generation of the fatty acid oleoylethanolamide (OEA), which shuttles to the nucleus triggering the transcriptional activation of target genes (Folick et al., 2015) . Also, overexpression of the TFEB homolog in C. elegans (HLH-30) extends lifespan, possibly via induction of autophagy (Lapierre et al., 2013) . Interestingly, HLH-30 seems to regulate lysosomal lipolysis together with another transcription factor, MXL-3. While HLH-30 is crucial for lipolytic activity upon starvation, MXL-3 controls nutrient-triggered repression of lipolysis. Accordingly, mxl-3 mutant animals are long-lived (O'Rourke and Ruvkun, 2013) . In D. melanogaster, overexpression of N-ethyl-maleimide sensitive fusion protein (NSF1) prevents neurodegeneration in a model of age-related Parkinson's disease, possibly by sustaining trafficking of lysosomal proteases and autophagy (Babcock et al., 2015) . Collectively, these examples show the protective potential of increasing lysosomal performance under aging conditions. Similarly, lysosomal function is connected to most of the proposed anti-aging interventions that can be considered reliable, i.e. such with healthspan and/or lifespan-extending effects that have been validated in several model organisms and have been confirmed by different laboratories (De Cabo et al., 2014) . This connection mostly arises from the crucial role of lysosomes in autophagic processing. This is the case for caloric restriction (CR; the reduction in the intake of calories without malnutrition), fasting regimens, and most pharmacological interventions, including the use of spermidine, metformin, resveratrol and rapamycin (De Cabo et al., 2014) . The longevity-promoting effects of these approaches are tightly associated to autophagy induction and thereof resulting control of aging-relevant processes like proteostasis and mitochondrial quality control. The mechanisms by which they impact autophagy are diverse, reaching from epigenetic control to sirtuin activation (De Cabo et al., 2014) .
For example, spermidine, a naturally occurring polyamine that -with the remarkable exception of centenarians (Pucciarelli et al., 2012) -declines with ongoing age, triggers autophagy through control of nuclear and cytosolic acetylation. In yeast, for instance, spermidine treatment results in histone H3 hypoacetylation possibly via inhibition of acetyltransferases. Thereby, the promoter region of the autophagy-essential gene ATG7 is excluded, allowing its increased expression (Eisenberg et al., 2009 ). In mice, sper-midine injections induce autophagy along with the inhibition of acetylation of cytosolic proteins such as ATG proteins (Morselli et al., 2011) . Resveratrol, a polyphenolic compound found in grapes and red wine, for its part, affects a series of stress-related targets, among them the NAD+ dependent deacetylase SIRT1 (Baur and Sinclair, 2006; Lagouge et al., 2006) . Intriguingly, SIRT1 is also stimulated by CR, which results in the deacetylation of autophagic proteins and their subsequent activation . Equally important, activation of autophagy is required for resveratrolmediated longevity in C. elegans (Morselli et al., 2010) .
Some anti-aging interventions also seem to converge in the direct or indirect repression of TOR signaling (Lamming et al., 2013) . For instance, rapamycin is a direct mTORC1-inhibitor and thus a potent inducer of autophagy (Li et al., 2014) , whereas CR reduces insulin signaling (and IGF-1 levels), which can inactivate protein kinase B (AKT/PKB) and its downstream target mTORC1 (De Cabo et al., 2014; Fontana et al., 2010) . As a result, the ULK1 complex is activated via the adenosine monophosphate-activated protein kinase (AMPK), thus promoting autophagosome formation . In addition, acetyltransferase MEC-17 is activated, which stimulates the cellular microtubule transport machinery, a prerequisite for effective autophagy (Mackeh et al., 2014) . The biguanide metformin, on the other hand, indirectly prevents TOR activity via inhibition of oxidative phosphorylation, which results in an increase of the AMP/ATP ratio and AMPK activation (Dowling et al., 2007) . At the same time, metformin can also upregulate REDD1 (REgulated in Development and DNA damage responses 1) and inhibit the Ras-related GTP binding (Rag) GTPases, both of which promote TOR repression (Ben Sahra et al., 2011; Kalender et al., 2010) .
The involvement of lysosomes in these interventions probably spans beyond their degradative potential. Through their luminal load of amino acids, lysosomes control mTORC1-docking on their surface, which is a prerequisite for its activity (Zoncu et al., 2011) . Thus, this might be another layer of autophagic regulation for mTORC1-related interventions via the lysosomes. In the light of other, emerging lysosomal functions during senescence, new anti-aging interventions may come to the forefront. For instance, dietary supplementation of lysosomally generated OEA promotes longevity in worms (Folick et al., 2015) and may thus be a potential candidate for a dietary anti-aging approach.
A very effective behavioral strategy against aging is exercise, which does not extend lifespan (Mercken et al., 2012) but has multisystemic health benefits (Warburton et al., 2006) . Exercise has been shown to induce autophagic flux in muscle (He et al., 2012; Tam and Siu, 2014) . Interestingly, recent evidence suggests that exercise-induced autophagy requires the release of lysosomal Ca 2+ through the lysosomal calcium channel mucolipin 1 and the subsequent activation of calcineurin, which in turn promotes nuclear translocation of TFEB (Medina et al., 2015) . Altogether, it can be concluded that most anti-aging interventions converge in the lysosome at different levels, underlining lysosomal function as an essential and pliable molecular hub for health-and lifespan control.
Conclusion
Mounting evidence suggests that a cell's lifespan is partly determined by lysosomal function (Fig. 1) . This implies that processes in which lysosomes are generally involved, but which have not been clearly associated to aging yet, might also directly or indirectly modulate longevity. Lysosomal exocytosis, for example, in which lysosomes dock to the cell surface, fuse with the plasma membrane and release their content into the extracellular space, has an important role in membrane repair (Reddy et al., 2001 ) and may contribute to intracellular regeneration upon cellular senescence.
At the same time, lysosomal exocytosis is involved in secretion processes that could interact with aging-related intercellular signals at the tissue and organismal level and/or help alleviate intracellular stress conditions, possibly in cooperation with selective secretion through exosomes (Baixauli et al., 2014; Lehmann et al., 2008) . Interestingly, lysosomal exocytosis is modulated by Ca 2+ and TFEB , both of which have regulatory functions during aging.
On the other hand, molecular processes known to impact aging may at least partly do so because they affect lysosomal function. Such processes may engage single components of the cellular network that are involved in lifespan control, including mitochondria, the nucleus, or peroxisomes (Fransen et al., 2013; Green et al., 2011; Terlecky et al., 2006) . Intriguingly, lysosomes not only communicate with other organelles in the frame of their autophagic removal. For example, the peroxisome-lysosome interaction does not seem to be restricted to pexophagy. The membranes of both organelles can come in close apposition (without fusion), creating lysosomal-peroxisome membrane contacts (LPMC), which are essential for the cellular trafficking of cholesterol (Chu et al., 2015) . Interestingly, cholesterol oxide derivatives (oxysterols) are involved in different aging-relevant processes like redox equilibrium and inflammation. In addition, they have been associated to major age-related pathologies like neurodegenerative and cardiovascular diseases (Poli et al., 2013; Zarrouk et al., 2014) . Thus, organelles associated with the generation, transformation and transport of such molecules may strongly influence their impact on aging. The occurrence of membrane tethering sites (microdomains) like LPMCs allows an efficient interplay between organelles (Schrader et al., 2015) . Thus, the establishment of microdomains between lysosomes and other organelles may allow signal exchanges that contribute to a dynamic and orchestrated control of aging. Though some remain speculative in their causality, these lysosome-aging connections exemplify the multilayered mechanisms through which lysosomal function may crucially contribute to aging control. Recognizing this potential opens doors not only to further understand the process of aging but also to improve the ravages of time via lysosomal avenues.
